During airdrop of heavy load, the flight parameters vary continuously as the load moves in the hold, and change suddenly when the load drops out. This process deteriorates the flight quality and control characteristic as the load becomes heavier. Based on the simplified airdrop flight equations, the backstepping and switch control methods are developed to tackle the flight state holding and disturbance/uncertainty (such as large-scale flight condition, pilot manipulation error, system measure delay, etc.) attenuation problem in this paper. Moreover, these methods can be used as a reference for pilot manipulating during airdrop. With the backstepping theory, an adaptive controller is synthesized for the purpose of stabilizing the transport when the load moves in the hold, and then a coordinated switch control method is used to control the aircraft when the condition jumps from the existence of load at the rear of fuselage to no load in the fuselage. Simulation results show that the proposed controllers not only provide effective state holding during airdrop, but also achieve robust performance within wide flight conditions.
Introduction
Airdrop by transport aircraft has been widely used in civilian and military applications. On the civilian side, this method transports supplies to the disaster area, e.g. airdrop plays an important role in 5.12 Wenchuan earthquake's primary saving. On the military side, thanks to the high accuracy, effectiveness and maneuverability, airdrop system has found wide applications in modern wars, the quick disposition and delivery of troops or weapon carrier are all carried out by the aircraft airdrop.
Airdrop releases personnel and/or goods from airplane, and then transfers them to the predestined place. Theoretically, it is a sophisticated and complicated system for military and civil applications. Precise attitude and position control of both the transport and load are important for airdrop's effect.
Over recent years, many remarkable achievements have been made in developing advanced airdrop technology for dropping heavy armament, parachutist and others. Airdrop technology attracts lots of scholar's attention, and increases steadily [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Precision airdrop system (PADS) [1] , sponsored by the U.S. Air Force and Army, supports portable, low-cost ground and in-flight high altitude mission planning for ballistic and autonomously guided system payloads. Cuthbert [2] [3] developed the simulation software called Decelerator System Simulation (DSS) to predict the dynamics and trajectory of the parachute system up to parafoil deployment for NASA's X-38 program.
As a conventional approach, airdrop methods are mature and widespread, but few of them focus on studying the influences that the dropping process exerts on flying airplane. During the airdrop, the load moves back in the transport after the rear door opens, and then drops out. As the load's weight grows up to several dozen tons, these influences cannot be ignored and solved by design margin, and this problem remains challenging. Chen, et al, [4] studied the modeling of the large transport aircraft with load moving in the hold, and established the complete nonlinear force and moment equations. Using these results, they simulated the whole process without controller upon the simulation model. This paper extends the previous results in Ref. [4] to flight controller design of transport's airdrop. Based on the simplified airdrop flight equations, we introduce the well-known backstepping control method to establish a flight controller [13] [14] [15] [16] for load's movement in the hold. In this process, the condition jumps dramatically as the load drops out, so the controller should be switched to guarantee the stability of transport. Moreover, this controller should be robust because of the uncertainty in this process. The proposed methods not only offer a design procedure to achieve height and speed holding during airdrop, but also provide good system stability in the presence of uncertainty.
Simplified Equations
Using the Newton's second law and the Euler angle relation of rigid body, we derive the 6 degrees of freedom (6-DOF) nonlinear flight control model with the heavy load airdrop [4] , and the specific conclusion is Force equation
Moment equation
The detailed derivation and symbol definition can be referred to Ref. [4] . Through the force and motion analysis [4] , we can conclude that airdrop has great effects on inertia force, aerodynamic moment and inertial moment; meanwhile, the aerodynamic moment of cargo moving (i.e. n 1 s B ×F ) has a critical effect on aircraft attitude variation, and the other items can be neglected in the force equations and moment equations in the range of tolerance deviation.
Expand the aero dynamical moment
Then the moment equations can be written as
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In this paper, the airdrop's impression on longitudinal axis equation is further considered, that is, the flight state is x 
If we ignore the effect of airdrop in Eq. (1), then we get the normal force equation [17] [18] [19] as follows:
The detailed symbol definition above can be referred to Ref. [18] . Using Eqs. (6)- (7) and the kinematical equation, we rewrite the equations of motion for aircraft with load as follows, and the other equations are the same as the general aircraft equations. 
Backstepping Control
The airdrop process starts as the transport plane comes to the predetermined airspace and adjusts to a steady wings-level flight state. Then worker opens the backdoor, and the load inside aircraft is moved backward by external force. During this process, pilot should hold the aircraft's attitude and position to guarantee preciseness of airdrop, thus, we can define the control problem as tracking the trim condition without steady errors. To achieve the tracking task, we can define the error 
Substituting the expectative q exp to the q error equation gives 
In this equation, the first term is negative definite as long as k 1 >Z α . To make sure the second term is also negative definite, we define the control surface deflection as 
Substituting Eq. (13) into Eq. (12) yields
If the following constraints are satisfied:
Then the Lyapunov function is negative definite. Expand the control law Eq. (13) In this backstepping controller, the load moving parameters are assumed to be known.
Switch Control
A sudden change happens in flight model when the load drops out. Generally, we design different control laws for different flight conditions, and the controllers should be switched from one to another as the flight condition varies. During the airdrop, commands from pilot will not be harmonious with the load airdrops, that is, the controller switches early or late. Moreover, the designated sensor or some other methods could measure the load moving parameter, and the delay or noise will affect the signal transmission unavoidable. Therefore, the controller design should consider these problems, or coordinate the switch misplay or uncertainty.
In order to deal with these problems mentioned above, we define the pre-drop and aft-drop flight condition as Phase 1 The load has moved to the rear of fuselage and then prepares to drop.
Phase 2 The load has dropped out by external force and no airdrop load in the hold.
The controller for switching should satisfy the best response for Phase 2, and guarantee the asymptotic stability for Phase 1. Therefore, we get the control design step as
Step 1 For given positive definite symmetric matrices Q 2 , R 2 , and known system matrices (A 2 , B 2 ) for Phase 2, the positive definite symmetric matrices can be obtained by solving the following equation: Step 2 For known system matrices (A 1 , B 1 ) for Phase 1, the following constraint should be satisfied: (17) where eig(·) is the eigenvalue of the matrix.
Implementation
Taking a 100 ton's transport plane with dozens of tons' load airdrop for example, this section presents simulation results and analysis for flight control laws presented in the previous sections. The aircraft's flight performance and the robustness of control strategy to the uncertainty (such as time delay, measure noise, and switch error, etc.) are considered in the simulation.
The aircraft is assumed to fly in medium height and at medium speed (height is 800-2 000 m, total velocity is 200-350 km/h). The trim position of the load is assumed to be the center of gravity. Table 1 shows the different trim conditions for airdrop.
For space consideration, we do not list all the parameters for Conditions 1-6. Then based on Eqs. (15)- (16), we choose Condition 2 as the nominal plant, and other different conditions represent the uncertainties of aircraft model. Then the controller parameter in Condition 2 can be got as follows. 
Then the switch controller is 0.924 3 1.684 4 0.530 6 2.142 5 0.348 0 1.509 7 2.394 2 4.748 6
Control performance analysis
The airdrop simulations start at the initial flight Condition 2 (e.g. airspeed is 306 km/h, height is 1 200 m, load weight is 10 ton, load acceleration is −0.5 m/s 2 ). Fig.1 depicts the simulation results of the airdrop process with and without the control laws, and we assume that we know the switch time exactly in the closed system.
In Fig. 1 , the dashed line shows that the airdrop impacts the flight characteristic seriously in this airdrop process, the maximum angle of attack is up to 15°, the airspeed and height oscillate in large region. These phenomena are insufferable for the real airdrop and the transport's flight safety. The solid line represents the flight state with the control laws, aircraft's velocity and height vary slightly, and the controllers can hold the attitude effectively. As the load moves in the hold, the center of gravity moves back, and this process is similar to the downward force exerting on the tail, thus the pilot should push the stick to hold the aircraft. As the load drops out, the center of gravity moves back to initial point very soon, the pilot must turn back the stick rapidly and stabilize the aircraft.
System robustness analysis
For robustness analysis, we consider several factors' effects on airdrop including flight condition, load's weight, measurement noise, delay, and false command from pilot listed in Table 1 . The load's moving parameter signal noise and transmission delay, and the pilot manipulation error which represented by controller switch lead-lag, are depicted in Figs. 2-7 .
In Fig. 2 , it is not easy to observe the load weight's effect on the flight attitude. Although the response varies as the load becomes heavier, the controllers are not sensitive to this variation and aircraft stabilizes quickly. In addition, as the weight becomes heavier, the elevator will reach the saturation point, and the input constraint should be considered in the future. The flight state deviation with these control strategies in a wide range of flight envelope is shown in Fig. 3 , in which the other conditions represent the deviation of model. Although the control performance varies slightly as the flight condition changes, the controllers stabilize the aircraft very soon. Moreover, in Condition 6, as the airspeed becomes lower, the elevator's manipulation efficiency will be lower and drive the actuator into saturation, so the important work for low speed or actual airdrop might tackle the input constraint.
For validating the closed system's robustness against the measure noise, we input the random white noise into the load's moving parameter measurement channel; from Noise 1 to 3, the magnitude of noise is 1 m to 3 m. Fig. 4 shows the time histories of the flight parameters with different measurement noises, and the curves indicate that the controllers are insusceptible to the measure noise. Fig. 5 depicts the load moving parameter transmission delay's effect on airdrop process. Delay is the key factor that affects flight attitude and height, and if the signal transmission delay is not big, the flight performance of these control strategies is acceptable.
Figs. 6-7 present the time histories of closed system with different switch errors. These curves simulate the pilot's misoperation that is inevitable in airdrop, and indicate that the attitude holding error is tolerable within the pilot's normal response time. Moreover, it validates the theoretical deduction in Section 4: as controller switches early (i.e. the switch controller acts on the aircraft with load in the hold), the error is smaller than the control switching later.
Of course, the error will increase as the switch controller's action error becomes bigger, and the height holding performance has the same trend of change. Therefore, we can get the conclusion that, the aircraft with these control strategies will flight smoothly if the pilot's switch lead-lag time is small.
Conclusions
(1) In this work, the backstepping and switch control law design for airdrop process are proposed based on the simplified flight equations. A backstepping controller design method is established which guarantees the system stability and attitude tracking. In addition, we consider the robust switch controller to deal with the pilot or controller operation error.
(2) Simulation shows that the desired performance and robustness of proposed controller have been well achieved in a wide range of flight envelope. Within the normal response time and the acceptable system noise/transmit delay, the pilot can control the transport effectively if adopting these control strategies.
